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Kataev,[a] Rüdiger Klingeler,[a] Gunther Steinfeld,[b,#] Norman Beyer,[b] Mathias 
Gressenbuch,[b,§] Berthold Kersting,*[b] and Bernd Büchner[a] 
 
The ability of bridging thiophenolate groups (RS-) to transmit 
magnetic exchange interactions between paramagnetic Ni(II) 
ions has been examined. Specific attention was paid to 
complexes with large Ni-SR-Ni angles. For this purpose, 
dinuclear [Ni2L1(-OAc)·I2][I5] (2) and trinuclear 
[Ni3L2(OAc)2][BPh4]2 (3), where H2L1 and H2L2 represent 24-
membered macrocyclic amino-thiophenol ligands, were 
prepared and fully characterized by IR- and UV-vis 
spectroscopy, X-ray crystallography, static magnetization M 
measurements and high-field electron spin resonance (HF-
ESR). The dinuclear complex 2 has a central N3Ni2(-S)2(-
OAc)Ni2N3 core with a mean Ni-S-Ni angle of 92°. The 
macrocycle L2 supports a trinuclear complex 3, with distorted 
octahedral N2O2S2 and N2O3S coordination environments for 
one central and two terminal Ni(II) ions, respectively. The Ni–
S–Ni angles are at 132.8° and 133.5°. We find that the 
variation of the bond angles has a very strong impact on the 
magnetic properties of the Ni complexes. In the case of the 
Ni2-complex, temperature T and magnetic field B 
dependencies of M reveal a ferromagnetic coupling J = - 29 
cm-1 between two Ni(II) ions (H = JS1S2). HF-ESR 
measurements yield a negative axial magnetic anisotropy (D 
< 0) which implies a bistable (easy axis) magnetic ground 
state. In contrast, for the Ni3-complex we find an appreciable 
antiferromagnetic coupling J' = 97 cm-1 between the Ni(II) ions 
and a positive axial magnetic anisotropy (D > 0) which implies 
an easy plane situation. 
 
Introduction 
Over the past decades much interest has arisen in the synthesis 
and characterization of polynuclear transition-metal thiolate 
complexes.[1-5] The interest in these compounds is mainly due to 
their biological relevance as simple model compounds for the 
active sites of metalloenzymes,[6-9] and their intriguing magnetic 
and electronic properties.[10-12] Macrocyclic ligands are often 
employed as supporting ligands as their complexes are more 
stable than those of their acyclic counterparts. In addition the 
metal ions are fixed in close proximity and can be arranged in 
almost any topology which has important implications for the 
metal-metal interactions[13,14] and the binuclear metal reactivity.[15] 
We are interested in the coordination chemistry of the 
hexaaza-dithiophenolate ligand H2L1 and its various 
derivatives.[16,17] An attractive feature of this ligand is the fact that 
it forms mixed-ligand complexes [M2L1(-L')]+ with a bioctahedral 
N3M(-S)2(-L')MN3 core structure, irrespective of the type of the 
coligand or metal. This allowed us to derive a magneto-structural 
correlation between the sign of the exchange parameter J and the 
M-S-M bond angle.[16] For dinickel(II) complexes [NiII2L1(-L')]+, for 
example, the spins on the Ni(II) ions couple ferromagnetically if 
the average Ni-S-Ni angles are at ~ 90 ± 5°.[18-21] For smaller or 
larger angles, the orthogonality of the magnetic orbitals will be 
cancelled thereby giving rise to superexchange interactions via 
one of the ligands orbitals only. Since those processes usually 
give rise to the antiferromagnetic exchange interaction between 
the metal centers, thus with increasing deviation from the 90° 
bonding geometry the antiferromagnetic contributing to the total 
exchange will grow and produce a change of the sign of J. 
Though, since pioneering works of Goodenough, Kanamori and 
Anderson (GKA-rules, see, e.g. [22]) such interplay is rather well 
understood, the actual dependence of J on the bond angle can be 
often significantly affected by specific details of the local 
coordination and particular bonding features.[23,24] 
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The example of egde-shared cuprate chain systems which 
have been extensively studied theoretically and experimentally in 
order to understand magnetic superexchange in nearly 
rectangular geometry illustrates how details of the structure can 
strongly affect the actual magnitude of the magnetic exchange. 
For example, in La14-xCaxCu24O41[25] or Li2CuO2[26], direct 
exchange dominates the ferromagnetic nearest neighbor 
interaction whereas the influence of the side groups coupled to 
ligands in the famous spin-Peierls compound CuGeO3 
substantially modifies the GKA-rules yielding an effective 
antiferromagnetic nearest neighbour coupling in the Cu-O 
chain[27]. In this context, experimental investigations of newly 
synthesized materials addressing the relationship between a 
specific bonding topology and magnetic interactions between 
metal ions are important for the understanding of their magnetic 
behavior. 
Specifically, magneto-structural correlations are of importance 
for the targeted assembly of molecular-based magnetic 
materials.[28-30] In Ni-based metal-organic complexes, 
experimentally, an antiferromagnetic exchange interaction, for 
example, is observed in tris(-thiophenolate)-bridged NiII 
complexes, where the average angle is below 80°.[31] A magneto-
structural correlation has also been made on a matched pair of O-
bridged (phenolato) and S-bridged (thiophenolato) binuclear 
copper(II) complexes of the type [Cu2(L-X)(pz)], where L-O and L-
S are binucleating phenolate and thiophenolate ligands.[32]  
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Scheme 1. Structures of Ligands and Complexes. 
In view of the above findings it was of interest to synthesize 
novel nickel(II) amino-thiophenolate complexes with Ni-S-Ni 
angles appreciably larger than 90° and to characterize their 
magnetic properties. For [Ni2L1(-L')]+ complexes, the most 
obvious strategy to increase the Ni-S-Ni angles is the use of a 
large coligand L'.[18] Another strategy to widen the angles could 
be the attachment of dihalogen molecules to the thiophenolate 
residues in the form of thiophenolate-dihalogen CT (charge 
transfer) interactions, as suggested recently by the structure of 
the Br2 adduct of complex [Ni2L1(-OAc)]+ 1.[33] Thus, upon CT 
complex formation the average Ni-S-Ni angles increase 
significantly from 89.6° in 1 to 93.4° in 1·Br2. We considered it 
worthwhile to probe also the utilization of a supporting ligand H2L2 
bearing hydroxyethyl groups in place of the N-methyl functions.[34] 
Our first attempts afforded a novel iodine adduct [NiII2L1(-
OAc)I2][I5] (2) and a trinuclear complex [NiII3L2(OAc)2][BPh4]2 (3), 
both featuring Ni-S-Ni angles wider than 90° as anticipated. Their 
preparation, spectroscopic properties, and X-ray crystal 
structures are reported herein. We also present a detailed 
magnetic study of these complexes by means of static 
magnetization M measurements and high-field/frequency tunable 
electron spin resonance spectroscopy (HF-ESR). These methods 
have already been proven as powerful tools for the investigation 
of magnetic interactions and spin states of molecular Ni(II) 
complexes.[35-37] 
Results and Discussion 
Synthesis and Characterization of Complexes 2 and 3 
The reaction of [NiII2L1(OAc)][ClO4] (1)[38] with five equiv. of 
diiodine in CH3CN at 0° C leads to the immediate formation of a 
dark brown solution, from which black lustrous crystals, 
characterized as the paramagnetic I2 adduct [NiII2L1(OAc)·I2][I5] (2), 
are obtained in 73 % yield (Scheme 2). The trinuclear complex 
[NiII3L2(OAc)2]2+ formed rather unexpectedly during attempts to 
prepare a dinuclear complex of the macrocycle H2L2 (Scheme 1). 
All complexation attempts using different ligand to metal ratios 
invariably lead to the formation of the dark-green dication, which 
could be reproducibly obtained as the tetraphenylborate salt 
[NiII3L2(OAc)2][BPh4]2 (3) in yields as high as 60 %. 
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Scheme 2. Synthesis of [Ni3L(OAc)2](BPh4)2 (1). 
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The new complexes 2 and 3 gave satisfactory elemental 
analyses and were characterized by IR, UV/Vis and ESI-MS 
spectroscopy and also by X-ray structure analysis. The IR 
spectrum of 2 shows a strong band at 1579 cm–1 attributable to 
the antisymmetric carboxylate stretching mode.[39] The red-shift of 
this band (relative to 1, 1588 cm–1)[38] can be traced back to the 
charge transfer from the thiolate into the antibonding I2 * orbital, 
as the decrease of the charge on the S atom increases the 
effective charge on the two NiII ions. This in turn strengthens the 
Coulomb interactions between the acetate and the nickel ions in 2 
and results in the observed red shifts. A similar effect has been 
observed for the closely related thiolate → Br2 CT adduct of 1.[33] 
Complex 3 shows two strong IR bands at 705 and 735 cm–1 for 
the BPh4– group and a sharp band at 1579 cm–1 attributable to the 
asymmetric stretching vibration of a coordinated acetate group.[39] 
The UV/Vis spectrum of 2 in CH3CN shows a weak band at 1197 
nm, which is tentatively assigned to the 1 (3A2g → 3T2g(P)) 
transition of an octahedral Ni2+ ion. The red-shift of this band 
(relative to 1, 1 = 1120 nm)[38] is taken as an indication that the 
CT complex 2 remains intact in solution. The bands at 294 nm 
and 362 nm can be attributed to the spin-allowed g → *u and 
g → *u absorptions of the I5– ions.[40-42] The UV/vis spectrum of 
3 in acetonitrile is marked by three weak absorption bands at 644, 
903 and 1073 nm which can be ascribed to the 3A2g → 3T1g(F) 
and 3A2g → 3T2g(P) transitions (the latter split by lower symmetry) 
of octahedral Ni2+ (3d8, SNi = 1) ions.[43] Values below 500 nm are 
either associated with - transitions within the ligand or with RS–
→ Ni2+ ligand-to-metal charge transfer transitions. 
To ascertain the formulation of compounds 2 and 3, X-ray 
crystallographic studies were undertaken. The crystal structure 
determination of 2 confirmed the presence of the diiodine adduct 
[Ni2L1(-OAc)(I2)]+ (Figure 1) and a V-shaped pentaiodide 
counteranion. One I2 molecule is coordinated to one of the 
thiolate S atoms with almost perfect linearity of the S–I–I bonds 
(RS–I–I = 179.54(3)°). The S–I bond distance is 2.755(2) Å, while 
the I–I distance is lengthened to 2.894(1) Å relative to 2.667(2) Å 
in free I2 in agreement with the formulation of [Ni2L1(-OAc)(I2)]+ 
as a charge-transfer adduct.[44] Attachment of the I2 molecule to 
S(1) affects the Ni–S(1) distances and Ni–S(2)–Ni bond angle. 
The former lengthen by 0.10 Å and the latter widens by 4.1° 
relative to 1. As a consequence, the Ni...Ni distance at 3.601(1) Å 
in 2 is also longer than in 1 (3.483(1) Å). The angles around the S 
atoms indicate a pyramidal (sp3) disposition of bonds as in 1 and 
related complexes with bridging thiophenolate groups.[32] The 
closest distance between the [Ni2L1(-OAc)(I2)]+ cation and the 
pentaiodide is at 4.363(1) Å (I2–I3). This distance is slightly 
longer than the sum of the van der Waals radii of two iodine 
atoms indicative of little (if any) secondary bonding interactions 
between the RS → I2 moiety and the pentaiodide ion. The bond 
lengths of the I5– ion with the I3–I4–I5–I6–I7 sequence (distances 
of ca. 2.83, 3.02, 3.082, 2.81) are very similar to those observed 
in other I5– structures.[45] 
To our knowledge, no diiodine adduct involving a bridging 
thiophenolate unit has been previously reported. However, a 
diiodine adduct of an aliphatic nickel thiolate complex NiL'–I2 (H2L' 
= N,N'-bis(2-mercaptomethylpropane)-1,5-diazacyclooctane) has 
been communicated by Darensbourg et al.[46] A dinuclear Mo2S2 
complex in which each of the bridging sulfido ligands interacts 
with a I2 molecule has also been reported.[47] The NiL'–I2 complex 
is characterized by a longer I–I distance (3.016(2) Å) and a 
shorter S–I distance (2.601(4) Å). It thus appears that short S–I 
distances are associated with long I–I distances and vice versa, 
an observation that has been made previously for many other S–
I2 CT adducts.[48-50]  
 
Figure 1. ORTEP representation of the structures of the [Ni2L1(-OAc)(I2)]+ 
adduct and the I5– anion in crystals of 2. Thermal ellipsoids are drawn at the 
50 % probability level. Hydrogen atoms are omitted for reasons of clarity. 
Selected bond lengths [Å] and angles [°]: Ni(1)O(1) 1.988(4), Ni(1)N(1) 
2.285(5), Ni(1)N(2) 2.138(5), Ni(1)N(3) 2.188(5), Ni(1)S(1) 2.593(2), 
Ni(1)S(2) 2.449(2), Ni(2)O(2) 1.986(4), Ni(2)N(4) 2.191(5), Ni(2)N(5) 
2.148(5), Ni(2)N(6) 2.301(5), Ni(2)S(1) 2.572(2), Ni(2)S(2) 2.446(2), Ni...Ni 
3.601(1), Ni(1)–S(1)–Ni(2) 88.44(5), Ni(1)–S(1)–C(1) 101.8(2), Ni(2)–S(1)–C(1) 
101.9(2), Ni(1)–S(1)–I(1) 131.8(2), Ni(2)–S(1)–I(2) 126.5(2), I(1)–S(1)–C(1) 
101.6(2) Ni(1)–S(2)–Ni(2) 94.73(6), Ni(1)–S(2)–C(17) 104.9(2), Ni(2)–S(2)–
C(17) 105.6(2); I1–S1 2.755(2), I1–I2 2.894(1), I3–I4 2.832(1), I4–I5 3.009(1), 
I5–I6 3.082(1), I6–I7 2.813(1), I2...I3 4.363(1), I2...I4 4.624(1); S1–I1–I2 
179.54(3), I3–I4–I5 179.32(3), I4–I5–I6 113.45(3), I7–I6–I5 176.73(2). 
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Scheme 3. Inter- and intramolecular hydrogen bonding interactions in solid 
[Ni3L(OAc)2](BPh4)2 2MeOH MeCN. 
Complex 3·MeCN·2MeOH crystallizes in the orthorhombic 
space group Pna21. The structure contains trinuclear 
[NiII3L2(OAc)]2+ dications, BPh4− anions and MeCN and MeOH 
solvate molecules. The dications and the MeOH solvate 
molecules are connected by chain hydrogen bonds of the type 
OAc...HOMe...HO involving OH groups of the macrocyclic ligand (O3, 
O6) and acetate O atoms (O8, O10). The corresponding O...O 
distances (O8...O12, O12...O3; O10...O11, O11...O6) range from 
 4
2.632 to 2.700 Å (see Scheme 3). The other entities are well 
separated from each other. 
Figure 2 presents an ORTEP view of the molecular structure 
of the trinuclear [Ni3L2(OAc)2]2+ dication. Bond lengths and angles 
are provided in the figure caption. The macrocycle supports a 
trinuclear complex, with distorted octahedral N2O2S2 and N2O3S 
coordination environments for the central and the terminal Niii 
ions, respectively. This structure is further stabilized by 
intramolecular OH...O hydrogen bonds between the Ni-bound OH 
groups and the acetate coligands (O1...O9 2.776 Å, O2...O10 
2.591 Å, O4...O7 2.790 Å, O5...O8 2.568 Å) as indicated in 
Scheme 3 and Figure 2. The bond lengths and angles around the 
central and terminal Ni atoms differ slightly, as one might expect. 
The average Ni–N, Ni–S, and Ni–O distances are 2.098(3) Å, 
2.316(1) Å and 2.091(2) Å for the terminal Ni ions and 2.233(3) Å, 
2.296(1) Å and 2.132(2) Å for the central one, respectively. The 
Ni–N and Ni–O distances are normal for six-coordinate NiII 
complexes. The Ni–S bonds are relatively short. Thus, in 
dinuclear NiII complexes supported by the parent H2L1 macrocycle, 
the Ni–S bonds are much longer and range from 2.45 to 2.52 Å. 
The angles around the S atoms indicate a pyramidal (sp3) 
disposition of bonds as in 2. The Ni–S–Ni bridging angle of 132.8° 
and 133.5° are, however, much larger than in 2. The widening of 
the angles can be attributed to the fact that the Ni ions lie on 
opposite faces of the thiophenolate planes, and this in turn to the 
bonding constraints of the macrocycle. In 1 or 2 the Ni atoms are 
on the same side of the thiophenolate plane, and the Ni–S–Ni 
angles typically do not deviate much from 90°. It should be noted, 
however, that Cu–S–Cu angles for [Cu2(L-S)(pz)] are in the range 
99.5(2) – 101.5(2)°,[32] and 128.6(3)° in [Cu2(L-S)2(SC6H4Me-
p)]+.[51] The Ni...Ni distances in 3 at 4.229 Å and 4.234 Å are also 
much longer than in 1 and 2. 
 
Figure 2. ORTEP representation of the structure of the [Ni2L2(OAc)2]2+ dication 
in crystals of 3. Hydrogen atoms have been omitted for clarity except for OH 
groups. The intramolecular hydrogen bonding interactions are shown as dashed 
lines. Selected bond lengths [Å] and angles [°]: Ni1−N5 2.110(4), Ni1−N6 
2.087(3), Ni1−O5 2.127(3), Ni1−O6 2.053(3), Ni1−O7 2.097(3), Ni1−S1 
2.318(1), Ni2−O1 2.124(3), Ni2−O4 2.140(3), Ni2−N1 2.246(4), Ni2−N4 
2.219(4), Ni2−S1 2.296(1), Ni2−S2 2.295(1), Ni3−O2 2.118(3), Ni3−O3 2.056(3), 
Ni3−O9 2.096(3), Ni3−N3 2.084(3), Ni3−N2 2.112(3), Ni3−S2 2.313(1); Ni1–
S1–Ni2 132.8(1), Ni2–S2–Ni3 133.5(1). 
Magnetic Properties of Complex 2 
Static magnetization: The field dependence of the static 
magnetization M(B) of the Ni2-complex 2 at low temperatures is 
presented in Figure 3. The measurements at T = 2 K reveal a 
saturation magnetization of about 4.4 B/2Ni at B = 5 T, which 
corresponds to the magnetic ground state of the molecule with a 
total spin Stot = 2. This observation implies ferromagnetic (FM) 
coupling between the two Ni2+ ions (3d8, SNi = 1). This conclusion 
is confirmed by the temperature dependence of the static 
susceptibility (T) = M/B, the inverse susceptibility –1(T) and the 
product T of the Ni2-complex presented in Figure 4. As will be 
shown below, the data can be well described by means of the FM 
dimer model. 
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Figure 3. Field dependence of the magnetization M(B) of the Ni2-complex 2 at T 
= 2 K and T = 4.2 K. 
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Figure 4. Temperature dependencies of the static susceptibility (T) and the 
inverse susceptibility –1(T) of the Ni2-complex 2 in B = 1 T (open circles). The 
inset shows the temperature dependence of T. The black lines represent a 
numerical model fit using the Hamiltonian (2 – 4). A temperature independent 
contribution 0 is included into the fit. 
 5
High field ESR: The HF-ESR of the Ni2-complex was measured 
on a loose powder sample. The small powder particles were self-
oriented in a magnetic field during the measurements due to the 
presence of the ‘easy’ axis magnetic anisotropy (see below). A 
typical ESR spectrum of the Ni2-complex at T = 30 K exhibits four 
separated ESR lines. The respective frequency  vs. resonance 
field Bres dependencies (resonance branches) of all observed 
lines together with a representative ESR spectrum are shown in 
Figure 5. The slopes of the resonance branches reveal the g-
factor of 2.3 for all four ESR lines. The extrapolation of the (Bres)-
dependence of line 1 to Bres = 0 implies a magnetic anisotropy 
gap ∆ ≈ 70 GHz (2.3 cm–1). The T-dependence of the ESR 
spectrum of the Ni2-complex is presented in Figure 6. Here, we 
observe a shift of the spectral weight to lower magnetic fields at 
low temperatures, which indicates a negative axial magnetic 
anisotropy of the molecule (DS < 0). 
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Figure 5. Frequency vs. resonance field (Bres)-dependencies of the ESR 
resonance modes (resonance branches) for the Ni2-complex 2 at T = 30 K. 
Analysis: For the analysis of the ESR spectra of the Ni2-complex 
2 we introduce a minimal model which describes only the ground 
state of the molecule. Here, we assume that each molecule has a 
single total spin S = Stot = 2, and possesses a g-factor of 2.3 and 
a magnetic anisotropy gap ∆ = |DS|(S2 - (S - 1)2) = 70 GHz. In this 
case a minimal effective spin Hamiltonian can be introduced in 
the form  
 BSgSSESSSDH ByxSzS )()3/)1(( 222           )1(  
Here, the two first terms describe the zero field splitting of the 
spin states caused by an anisotropic ligand crystal field potential 
comprising the axial and the rhombic terms, respectively. Here, 
DS is the axial magnetic anisotropy parameter and ES is the 
transverse magnetic anisotropy parameter of the complex. 
Generally DS and ES are determined by single ion anisotropies of 
individual metal ions due to the ligand crystal fields with possible 
contributions arising from the anisotropic part of the Ni–Ni 
magnetic exchange interactions. The last term is the Zeeman 
interaction of the total spin with the external magnetic field B. 
Here μB is the Bohr magneton and g is the g-factor. The solution 
of Hamiltonian (1) yields the eigenvalues Ei(D,E,B,g) and 
eigenfunctions i(D,E,B,g) of the energy levels. The knowledge of 
Ei and i enables a simulation of the ESR spectra by plugging in 
the estimates of DS, ES and g obtained from the raw experimental 
data. The adjustment of the simulated spectra to the measured 
ones by fine tuning of DS, ES and g enables accurate refinement 
and verification of these parameters. 
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Figure 6. T-dependence of the ESR spectrum of the Ni2-complex 2 at  = 88 
GHz. Note, the relative intensity of the ESR lines changes with the temperature 
so that the low field lines become dominant. 
 
Figure 7. Measured and simulated ESR spectra at  = 88 GHz and T = 40 K 
and the calculated energy level scheme of the spin states of the Ni2-complex. 
The simulation of the ESR spectrum was performed for the 
parallel orientation of the magnetic anisotropy axis to the applied 
magnetic field. A simulated spectrum at  = 88 GHz, T = 40 K 
together with a representative experimental spectrum of the Ni2-
complex and calculated energy levels is presented in Figure 7. 
The simulation shows that the observed number of the ESR lines 
(four) is defined by the total spin of the Ni2-complex Stot = 2 and 
the zero field splitting of the energy levels. Note, that magnetic 
anisotropy of the Ni2-complex can be well described only by an 
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axial magnetic anisotropy parameter DS (i.e. ES = 0). The model 
confirms the experimentally determined value of ∆ = 3|DS|= 70 
GHz (2.3 cm–1) and the negative sign of the axial magnetic 
anisotropy DS = - 23.3 GHz (- 0.78 cm–1). Note, that the negative 
sign of DS implies an easy magnetic anisotropy axis for the Ni2-
complex and, therefore, a bistable magnetic ground state. 
 
Figure 8. a) Molecular structure of the Ni2-complex 2 (The I2 is omitted for 
reasons of clarity). b) Scheme of the expected magnetic coupling of the two Ni2+ 
ions in the Ni2-core. 
In order to analyze the magnetic properties of the Ni2-complex 
at higher temperatures, we include in the effective spin 
Hamiltonian (1) an additional term describing the intramolecular 
magnetic exchange interactions between individual spins of Ni 
ions, so that Hamiltonian (1) is upgraded to: 
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Here, (2) describes the isotropic intramolecular magnetic coupling 
between the neighboring Ni ions (J < 0 denotes ferromagnetic 
coupling). Term (3) describes the zero field splitting of the spin 
states of each Ni ion and term (4) is the Zeeman interaction of the 
Ni spins with the external magnetic field B. Numerical solution of 
this Hamiltonian enables a simulation of the temperature 
dependence of the magnetic susceptibility (T). The topology of 
the Ni2-core suggests two equivalent exchange paths between 
the two Ni2+ ions effectively described by a single exchange 
coupling parameter J (cf. Figure 8b). The parameters of the 
magnetic anisotropy were assumed to be equal for the two Ni 
ions. Therefore Deff stands here for an effective magnetic 
anisotropy parameter of each Ni ion which was determined from 
the ESR data analysis of the spectrum of the ground state spin 
multiplet Stot = 2 as Deff = DS(Stot2 - (Stot - 1)2) = - ∆. The simulated 
(T), –1(T) and T curves are presented together with the 
experimental data in Figure 4. One can see that the model curves 
fully reproduce the experimental results. Specifically, the 
modelling reveals a ferromagnetic coupling J = - 29 cm–1 (- 42 K) 
between the two Ni ions and a temperature independent 
diamagnetic component 0 = - 1.5·10–3 ergG–2mole–1 caused by 
the diamagnetic susceptibility of the organic ligands. 
Magnetic Properties of Complex 3 
Static magnetization: The field dependence of the static 
magnetization M(B) of the Ni3-complex 3 at 2 K is presented in 
Figure 9. This measurement reveals a magnetic moment of 1.94 
B/3Ni at B = 5 T. Although the magnetization is not saturated at 
B = 5 T, the shape of the curve implies an approach to the 
saturation of the magnetic moment which corresponds to the 
magnetic ground state of the molecule with a total spin Stot = 1. In 
contrast to the Ni2-complex 2, Stot = 1 here implies an 
antiferromagnetic (AFM) coupling between the three Ni2+ spins 
(3d8, SNi = 1). The temperature T dependence of the static 
magnetic susceptibility  = M/B, the inverse susceptibility –1 and 
the product T value of the Ni3-complex are shown in Figure 10. 
Here, we observe a strong nonlinearity of –1(T) which, as will be 
discussed below, corresponds to the thermal activation of higher 
energy spin multiplets (Stot1 = 2, Stot2 = 3). 
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Figure 9. Field dependence of the magnetization M(B) of the Ni3-complex 3 at T 
= 2 K and T = 4.2 K. 
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Figure 10. Static susceptibility (T) and inverse susceptibility -1(T) of the Ni3-
complex 3 at B = 5 T (open circles). The inset shows the temperature 
dependence of the T value. The black lines represent a numerical model fit 
using the Hamiltonian (2 – 4). A temperature independent contribution 0 is 
included into the fit. 
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High field ESR: In the case of the Ni3-complex 3, HF-ESR 
measurements were performed on a non-oriented powder sample. 
The fact that the sample was not self-oriented in applied magnetic 
fields gives the first indication of the easy plane situation for the 
complex 3. A typical ESR spectrum of the Ni3-complex at a low 
temperature (T = 4 K) and the frequency  = 166 GHz consists of 
a sharp stand-alone line at Bres ~ 2.5 T (line 1) and a group of 
lines distributed in the magnetic field range from 3.5 to 7.5 T 
(lines 2 – 7). The resonance branches of these lines together with 
a representative ESR spectrum are shown in Figure 11. The 
slopes of the resonance branches 2 – 7 correspond to the g-
factor of 2.2. Branch 1 has an almost two times steeper slope 
which could be described by a phenomenological “effective” g-
factor of 4.0. Linear extrapolation of (Bres) of the line 2 to Bres = 0 
reveals the magnetic anisotropy gap ∆ ≈ 60 GHz (2.0 cm–1) which, 
in the case of S = 1, is equal to the axial magnetic anisotropy of 
the molecule DS. 
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Figure 11. Frequency vs. resonance field (Bres)-dependencies of the ESR 
resonance modes (resonance branches) for the Ni3-complex 3 at T = 4 K. 
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Figure 12. Temperature-dependence of the ESR spectrum of the Ni3-complex 3 
at  = 166 GHz. 
The T-dependence of the ESR spectrum is presented in 
Figure 12. The intensity of the ESR lines decreases with 
increasing temperature, whereas the relative intensity of the lines 
does not change. This observation gives evidence that all 
detected ESR lines correspond to the ground state of the 
molecule Stot0 = 1. In contrast, the activation of higher energy spin 
multiplets (Stot1 = 2, Stot2 = 3) is not detected by the ESR 
measurements, which suggests a large intramolecular coupling 
rendering the ground state well isolated from higher spin 
multiplets.  
Analysis: As it was mentioned before, the ESR spectrum of the 
Ni3-complex at T = 4 K contains only lines corresponding to the 
ground state of the molecule (Stot0 = 1). Therefore, for the 
analysis of the ESR spectrum at T = 4 K we use a minimal 
effective Hamiltonian (1) which describes only the ground state. 
Based on our experimental data, we assume that each molecule 
has a single spin S = Stot0 = 1 with the g-factor of 2.2 and the 
magnetic anisotropy ∆ = |DS|(S2 - (S - 1)2) = 60 GHz. A simulated 
powder spectrum for  = 166 GHz and T = 4 K is presented in 
Figure 13b. Comparison of the calculated result (b) with the 
experimental ESR spectrum of a microcrystalline powder sample 
(a) on that Figure shows that the experimental data are well 
reproduced by the model. However, we observe a slight 
difference between the simulated and measured spectra, such as 
different relative intensities of the lines 3 and 4. We attribute this 
difference to a partial orientation (texturing) of the microcrystalline 
powder sample. 
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Figure 13. ESR spectra of 3 at T = 4 K and  = 166 GHz. a) experimental 
spectrum; b) simulated spectrum. 
Our analysis demonstrates that the applied model describes 
the Ni3-complex at low temperatures very well. In particular, the 
ground state of the molecule with Stot0 = 1 and the g-factor of 2.2 
are confirmed. Moreover, the modelling yields a positive sign of 
the axial anisotropy DS = + 60 GHz (2.0 cm–1) and a substantial 
transverse anisotropy ES = 10 GHz (0.3 cm–1) which implies an 
easy plane situation for the molecule with an easy axis in the 
plane. In addition, this analysis reveals that the ESR lines 2 – 7 
correspond to "allowed" resonance transitions between 
neighbouring energy levels according to the ESR selection rule 
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∆Sz = ± 1 and, therefore, the observed number of lines can be 
explained by the powder averaging of the ESR spectrum. Line 1 
corresponds to the so-called "forbidden" transition with ∆Sz = ± 2 
for which, therefore, an almost doubled slope of the (Bres) branch 
is observed (geff ~ 2g, see Figure 11). A non-zero intensity of this 
transition indicates the mixing of the spin energy states due to the 
anisotropic ligand crystal field and the spin-orbit coupling. 
 
Figure 14. a) Molecular structure of the Ni3-complex 3. b) Scheme of the 
expected magnetic coupling of the tree Ni2+ ions in the Ni3-core. 
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Figure 15. Calculated energy spectrum of the spin states of the Ni3-complex 3. 
The temperature dependence of the magnetic susceptibility of the 
Ni3-complex can be analyzed by taking into account the topology 
of the Ni3-core which suggests a single exchange coupling J' 
between the three Ni2+ ions via the sulphur bridge, respectively (cf. 
Figure 14b). Similar to the Ni2-complex, for the simulation, the 
parameters of the magnetic anisotropy were assumed to be equal 
for all three ions and were taken as Deff = DS = 2.0 cm–1 and Eeff = 
ES = 0.3 cm–1 from the analysis of the ESR spectra. The 
simulated (T) and –1(T) dependencies fully reproduce the 
experimental results (cf. the black lines in Figure 10) and reveal 
an antiferromagnetic coupling J' = 97 cm–1 (140 K) (AFM) 
between the Ni ions. According to this model, the energy levels of 
the spin states of the Ni3-complex have been calculated (see 
Figure 15). The energy level scheme illustrates the energy gap of 
140 K between the ground state Stot0 = 1 and the first excited 
state Stot1 = 2 caused by the magnetic coupling J'. This result 
confirms that the strong nonlinearity of –1(T) in the temperature 
range T = 100 – 150 K (cf. Figure 10) is caused by the thermal 
activation of the higher energy spin multiplet (Stot1 = 2). We note, 
that the modelling reveals a rather large temperature independent 
diamagnetic component 0 = - 3.9·10–3 ergG–2mole–1 which is in 
agreement with a significant diamagnetic susceptibility of the 
organic ligands of the complex 3. 
Conclusion 
The ability to synthesize polynuclear nickel complexes with quite 
obtuse Ni-S-Ni angles has been demonstrated with the synthesis 
of the cationic complexes [NiII2L1(-OAc)·I2][I5] (2) and 
[NiII3L(OAc)2](BPh4)2 (3). Both complexes were readily prepared 
and fully characterized by elemental analysis, IR and UV/vis 
spectroscopy. We have also investigated the magnetic properties 
of the novel complexes by means of HF-ESR and static 
magnetization measurements and analyzed the experimental 
data by means of minimal spin Hamiltonians. 
The structural analysis of the Ni2- and Ni3-complexes revealed 
a totally different arrangement of the atoms in the cores. In the 
Ni3-core of 3 adjacent Ni ions are connected via one bridging 
thiophenolate sulphur atom, whereas in 2 the metal ions are 
bridged by two -S atoms. We observe very different Ni–S–Ni 
bridging angles in these two complexes. The large value of about 
133° in the case of the Ni3-complex is attributed to the fact that 
the Ni ions lie on opposite faces of the thiophenolate planes. 
Dinuclear Ni complex 2, on the other hand, has the Ni ions on the 
same side of the thiophenolate plane, and shows much smaller 
Ni–S–Ni angles. The values do not deviate much from 90°.  
The HF-ESR and magnetization data show different magnetic 
exchange interactions in these compounds. The Ni2-complex 
reveals a ferromagnetic coupling J = - 29 cm–1 (- 42 K), while for 
the Ni3-complex we observe a strong antiferromagnetic coupling 
J' = 97 cm–1 (140 K). These differences may be attributed to the 
different Ni–S–Ni bridging bond angles, although other effects 
such as the mutual orientations of the magnetic orbitals (which 
are different in the two compounds) cannot be ruled out at the 
moment. A paramount dependence of the magnetic exchange 
interactions would be in agreement with similar observations 
made for related binuclear transition metal thiophenolate 
complexes.[32,52,53] Moreover, the different structure of the ligands 
in the Ni3- and Ni2-complexes causes opposite signs of the 
magnetic anisotropy. Thus, in the Ni3-complex the ligand structure 
yields the positive axial anisotropy and, therefore, an easy plane 
situation for the molecule. In contrast, for the Ni2-complex we 
observe the negative axial anisotropy, which yields an easy 
magnetic anisotropy axis for the molecule and a bistable 
magnetic ground state. 
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Experimental Section 
General: Unless otherwise noted the preparations were carried out 
under an argon atmosphere by using standard Schlenk techniques. 
Complex [Ni2L1(OAc)]ClO4 (1·ClO4)[38] and ligand H2L2,[34] were 
prepared according to literature procedures. All other reagents were 
obtained from standard commercial sources and used without further 
purifications. Melting points were determined in capillaries and are 
uncorrected. The infrared spectra were recorded as KBr discs using a 
Bruker VECTOR 22 FT-IR-spectrophotometer. Electronic absorption 
spectra were recorded on a Jasco V-670 UV/vis/near IR 
spectrophotometer. ESI-FTICR mass spectra were recorded with a 
Bruker-Daltronics Apex II instrument using dilute MeOH or MeCN 
solutions. 
Nickel Complex [Ni3(L)(O2CCH3)2(I2)]·I5 (2): To a solution of [Ni2L1(µ-
O2CCH3)][ClO4] (93 mg, 0.10 mmol) in acetonitrile (10 mL) was added 
a solution of I2 (127 mg, 0.50 mmol) in acetonitrile (5 mL), resulting in 
an immediate color change from pale-green to brown. After standing 
for 12 h at 0 °C, black crystals formed, which were filtered off, and 
dried in air. Yield: 125.8 mg, 73 %. M.p. 295 °C (decomp.). IR (KBr):  
/ cm–1 = 2957 s, 2858 s (C–H), 1579 s [as(CH3CO2–)], 1484 m, 1457 s, 
1432 s [s(CH3CO2–)], 1361 m, 1307 m, 1264 m, 1235 m, 1198 m, 
1154 m, 1073 s, 1037 s, 952 m. UV/VIS (CH3CN): max / nm ( / m–
1cm–1) = 1197 (125), 782 sh (311), 362 (60230), 292 (107514), 204 
(137569). Elemental analysis calcd (%) for C40H67I7N6Ni2O2S2 
(1733.85): C 27.71, H 3.89, N 4.85; found: C 27.10, H 3.72, N 4.59. 
This compound was additionally characterized by X-ray crystal 
structure analysis. 
Nickel Complex [Ni3L2(O2CCH3)2](BPh4)2 (3): To a suspension of 
H2L2·6HCl (952 mg, 0.890 mmol) in methanol (20 mL) was added 
under nitrogen a solution of Ni(O2CCH3)2·4H2O (507 mg, 1.78 mmol) 
in methanol (2 mL), followed by a solution of triethylamine (719 mg, 
7.12 mmol) in methanol (1 mL). The resulting deep green solution 
was stirred for further 12 h, a small amount of an insoluble material 
was filtered off, and to the clear filtrate was added solid NaBPh4 (1.53 
g, 4.47 mmol). The resulting solid was filtered, washed with MeOH (2 
× 20 mL). Green diamond-shaped crystals of the title compound (1.02 
g, 64 %) formed upon recrystallization from acetonitrile. IR (KBr):  / 
cm–1 = 3422 m, 3200 sh, 3054 s, 2965 s, 2902 m, 2867 m, 2360 w, 
1944 vw, 1826 vw, 1771 vw, 1614 w, 1579 m, 1541 m, 1478 m, 1459 
s, 1426 s, 1402 m, 1371 m, 1337 m, 1310 m, 1244 s, 1183 m, 1153 m, 
1129 m, 612 m, 1091 m, 1059 s, 1033 m, 985 m, 953 w, 896 m, 862 
w, 846 w, 799 w, 733 [s, ν(BPh4–)], 706 [vs, ν(BPh4–)], 663 w. UV/VIS 
(CH3CN): max / nm ( / m–1cm–1) = 644 (83), 903sh (53), 1073 (95). 
MS (ESI, +ve, CH3CN): m/z = 1459.5 (M-BPh4)+. Elemental analysis 
calcd (%) for C96H122B2N6Ni3O10S2 (1781.86): C 64.71, H 6.90, N 4.72, 
S 3.60; found: C 64.30, H 6.78, N 4.55, S 3.41. This compound was 
additionally characterized by X-ray crystal structure analysis. 
Crystal structure determination: A single crystal of 2 suitable for X-
ray structure analysis was picked from the reaction mixture. Crystals 
of 3·MeCN·2MeOH were grown by slow evaporation of a mixed 
acetonitrile/methanol (1:1) solution. The data sets were collected at 
213(2) K using a STOE IPDS-2T diffractometer and graphite 
monochromated Mo-K radiation (0.71073 Å). The intensity data 
were processed with the program STOE X-AREA. The structure was 
solved by direct methods[54] and refined by full-matrix least-squares 
on the basis of all data against F2 using SHELXL-97.[55] PLATON was 
used to search for higher symmetry.[56] Drawings were produced with 
Ortep-3 for Windows.[57] Unless otherwise specified the H atoms were 
placed at calculated positions and refined as riding atoms with 
isotropic displacement parameters. All non-hydrogen atoms were 
refined anisotropically. 
Crystal data for 2: C40H67I7N6Ni2O2S2, Mr = 1733.84, triclinic, space 
group P-1, a = 14.222(3) Å, b = 15.058(3) Å, c = 15.703(3) Å,  = 
69.28(3)°,  = 64.97(3)°,  = 70.16(3)°, V = 2778(1) Å3, Z = 2, calcd = 
2.073 g cm–3; T = - 160 °C, (MoKa) 4.680 mm1 ( = 0.71073 Å); 
22298 reflections measured, 10217 unique, 6969 with I > 2(I), 
refinement converged to R = 0.0403, wR = 0.0915 (I >2(I)), 532 
parameters and 0 restraints, min./max. residual electron density = 
+1.858/ –1.543 e/Å3. 
Crystal data for 3·MeCN·2MeOH: C100H133B2N7Ni3O12S2, Mr = 1887.00, 
orthorhombic, space group Pna21, a = 26.464(5) Å, b = 16.312(3) Å, c 
= 22.480(5) Å, V = 9704(3) Å3, Z = 4, calcd = 1.292 g cm–3;  (MoKa) = 
0.682 mm1 ( = 0.71073 Å); 118807 reflections measured, 24527 
unique, 13700 with I >2(I), refinement converged to R = 0.0456, wR 
= 0.0981 (I > 2(I)), 1167 parameters. The Flack x parameter 
(absolute structure parameter) for 3 was calculated to be 0.45(1) 
indicative of inversion twinning. This inversion twinning was modeled 
by using the TWIN and BASF instructions implemented in the 
SHELXTL software package, to give a BASF factor of 0.50. In 
addition, a split atom model was used to account for the disorder of 
one tBu group resulting in site occupancies of 0.38(1) for C26a-C28a 
and 0.62(1) for C26b-C28b, respectively. The six OH hydrogen atoms 
were located from final difference Fourier maps but their positions 
were refined as riding atoms with isotropic displacement parameters, 
min./max. residual electron density = +0.367/ –0.643 e/Å3.  
CCDC-755183 (2) and 755184 (3) contain the supplementary 
crystallographic data for this paper. These data can be obtained free 
of charge from The Cambridge Crystallographic Data Centre via 
www.ccdc.cam.ac.uk/data_request/cif. 
Magnetic measurements: The static magnetization M and the high 
field electron spin resonance (HF-ESR) of the Ni-complexes were 
studied on microcrystalline powder samples. Magnetic field B and 
temperature T dependencies of the static magnetization were 
measured in the temperature range T = 2 – 300 K and in magnetic 
fields B up to 5 T with a commercial SQUID (Superconducting 
Quantum Interference Device) magnetometer MPMS-XL5 (Quantum 
Design). HF-ESR in static magnetic fields was studied with a 
Millimeterwave Vector Network Analyzer (AB Millimetré) used for 
generation of millimeter- and submillimeter microwaves and phase 
locked detection of a signal.[35] The measurements have been 
performed in the frequency range from 80 GHz up to 350 GHz and in 
magnetic fields up to 15 T. The analysis and the simulation of the 
ESR spectra were done by means of the EasySpin toolbox for 
Matlab.[58] The analysis and the simulation of the temperature 
dependence of the magnetic susceptibility (T) were done by means 
of the julX simulation program.[59] 
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